We have explored the impact of sterile neutrino dark matter on core-collapse supernova explosions. We have included oscillations between electron neutrinos or mixed µ, τ neutrinos and right-handed sterile neutrinos into a supernova model. We have chosen sterile neutrino masses and mixing angles that are consistent with sterile neutrino dark matter candidates as indicated by recent x-ray flux measurements. Using these simulations, we have explored the impact of sterile neutrinos on the core bounce and shock reheating. We find that, for ranges of sterile neutrino mass and mixing angle consistent with most dark matter constraints, the shock energy can be significantly enhanced and even a model that does not explode can be made to explode. In addition, we have found that the presence of a sterile neutrino may lead to detectable changes in the observed neutrino luminosities.
Introduction
Sterile neutrinos, a proposed fourth neutrino flavor, are one viable dark matter candidate.
1 A sterile neutrino is an electroweak singlet and is thus consistent with limits from the LEP measurement 2 of the width of the Z 0 gauge boson. The standard model does not provide any predictions about this proposed particle, but bounds can be placed using astronomy, cosmology and supernovae 1,3-11 on the mass and mixing angle parameter space. If sterile neutrino dark matter can radiatively decay, 12 x-ray observations 4-10 from galaxies and galaxy clusters can also be used to place bounds, i.e 1 keV < m s < 18 keV and sin 2 2θ s 1.93 × 10 −5 (m s /keV) −5.04 . The explosion mechanism of CCSNe remains an outstanding problem in physics as well. Spherically symmetric models do not easily explode and two-dimensional and three-dimensional models that do explode often have too little energy to match observations. 13 The problem remains that, although a shock forms successfully and propagates outward in mass, it loses energy to the photodissociation of heavy nuclei and becomes a standing accretion shock.
However, even one dimensional models explode in simulations with enhanced neutrino fluxes, either from convection below the neutrinosphere [14] [15] [16] or a QCD phase transition.
17 Along this vein, we have explored the resonant mixing between sterile and electron neutrinos (or antineutrinos) to increase the early neutrino luminosity and revitalize the shock.
18-21
Hidaka and Fuller 18, 19 were the first to propose that sterile neutrinos could serve as an efficient neutrino energy transport mechanism in the supernova core. They used a one zone collapse calculation to study the resonant oscillations of a sterile neutrino with the mass and mixing angle of a warm dark matter candidate. They found that the resonant mixing of electron and sterile neutrinos can serve as an efficient method of transporting neutrino energy from the protoneutron star core, where high energy neutrinos are trapped, to the stalled shock to assist in neutrino reheating. This mechanism is highly sensitive to the feedback between neutrino oscillations and the local composition, energy transport, and hydrodynamics and warranted detailed numerical studies.
20,21
In Refs. 20 & 21 coherent active-sterile neutrino oscillations were studied using the University of Notre Dame-Lawrence Livermore National Laboratory (UND/LLNL) code, 16, 22 a spherically symmetric general relativistic supernova model with detailed neutrino transport and hydrodynamics. The impact on shock reheating of sterile neutrinos with masses and mixing angles consistent with dark matter constraints was studied. Sterile neutrino dark matter candidates can enhance the shock energy and lead to a successful explosion, even in a simulation that would not otherwise explode. 20 
Matter-enhanced Neutrino Oscillations
With the inclusion of a sterile neutrino, the full neutrino mixing problem requires a complete understanding of all mass differences and mixing angles in the 4 × 4 mixing matrix. However, for this work, only two neutrino mixing between electron neutrinos ν e and sterile neutrino ν s (or their antiparticles) have been considered. This is sufficient for exploring the impact on the explosion energy since electron neutrinos and antineutrinos dominate in the gain region during shock reheating.
Matter-enhanced neutrino oscillations in supernovae occur via the MikheyevSmirnov-Wolfenstein (MSW) effect. 23, 24 As neutrinos propagate through matter, they experience an effective potential from charged and neutral current interactions due to forward scattering on baryonic matter, electrons, and other neutrinos. Each neutrino flavor will experience a different potential because ν e experience both charged and neutral current interactions whereas ν s do not experience any weak interactions. This can induce a coherent effect where maximum mixing is possible, even for a small vacuum mixing angle, when the phase arising from the potential difference cancels the phase due to the mass difference. The forward scattering potential experienced by electron neutrinos is
where G F is the fermi coupling constant, n B is the baryon number density, and Y i is the number fraction of species i. The antineutrino species will experience forward scattering potentials with the opposite sign. In the supernova environment, one can assume Y νµ = Y ντ = 0, since ν µ and ν τ neutrinos and antineutrinos are produced via pair emission processes and thus occur in equal numbers.
This results in an "effective" in-medium mixing angle, 20,21
From this expression, it is simple to see that one can achieve maximal mixing in matter, even for small vacuum mixing angles. Such resonant mixing will occur for neutrinos with the energy where sin 2 2θ M = 1,
In this work, only coherent and adiabatic oscillations are considered. 20, 21 This ensures that all electron neutrinos of the given flavor with the resonance energy E res will oscillate to sterile neutrinos, and vice versa. 23, 24 It is probable that incoherent, scattering-induced oscillations will be significant in the high matter densities of the central core, but this will not be a dominant effect and will be left to future work.
Results
A model that can successfully explode was used as a baseline for comparison. The UND/LLNL supernova model 16, 22 is a spherically symmetric, general relativistic hydrodynamic supernova model. We have used the 20 M ⊙ progenitor from Woosley & Weaver 25 . Figure 1 shows the enhancement to the explosion energy in a simulation with a sterile neutrino compared to a simulation without a sterile neutrino. Sterile neutrino masses were considered in the range 1 keV < m s < 10 keV and mixing angles in the range of 10 −11 < sin 2 2θ s < 10 −2 , which includes the region that corresponds with dark matter candidates. The shaded regions show the parameter space allowed for sterile dark matter by recent x-ray flux measurements. [3] [4] [5] [6] 8 There is a large region of the parameter space that both enhances the explosion energy of core-collapse supernovae and is satisfies constraints on sterile neutrino dark matter.
To illustrate how the explosion energy enhancement occurs, consider a single choice of sterile neutrino mass m s = 1 keV and mixing angle sin 2 2θ s = 10 −5 . Any mass and mixing angle that causes an enhancement will show similar behavior.
The enhancement to the kinetic energy isn't evident until ∼ 0.2s post-bounce, when neutrino reheating becomes important. By 1s post-bounce, the explosion energy is enhanced by a factor of 2.2× compared to the simulation without a sterile neutrino.
This dramatic enhancement to the kinetic energy is due to increased neutrino heating in the simulation with a sterile neutrino. The presence of a sterile neutrino enhances the luminosities of all neutrino and antineutrino species considered here. The enhancement to the neutrino luminosities does not become significant until ∼ 0.1s post-bounce, which is when oscillations to a sterile neutrino become important 20 . The luminosities of all neutrino and antineutrino species are enhanced by about 2× until 0.4s post-bounce, which corresponds to the enhancement in the kinetic energy. The increased neutrino luminosities emerging from the protoneutron star increase the rate of neutrino heating in the gain region and lead to the enhanced explosion energy. Although oscillations are only allowed between electron neutrinos ν e and sterile neutrinos ν s (and their antiparticles), enhancements are seen in the luminosities of all neutrino species. This is because the oscillations ν e ↔ ν s leads to a "double reheating" scenario: the ν e ↔ ν s oscillations cause additional heating near the location of the neutrinosphere, which causes increased neutrino cooling in all flavors, and finally these enhanced neutrino luminosities reheat the stalled shock.
In the simulation with a sterile neutrino, the neutrinosphere radius increases by about 1.4× between 0.1s and 0.4s post-bounce, which corresponds with the increased neutrino luminosities. The neutrinosphere radius is increased because the oscillations heat the protoneutron star surface by depositing energy at the location of the ν s → ν e resonance. However, this additional heating of the protoneutron star surface does not increase the temperature of the neutrinosphere, but instead causes it to expand outward. Although the location of the neutrinosphere is increased by ∼ 1.4×, the temperature at the neutrinosphere is roughly the same in both simulations. Thus the larger neutrinosphere radius leads to enhanced emission of neutrinos, but the neutrinos in both simulations have roughly the same characteristic temperature.
Conclusions
Recent observations of galaxies and galaxy clusters indicate an unidentified emission line at ∼ 3.5keV. This line may be due to the radiative decay of sterile neutrino dark matter with m s ≈ 7keV. If this is the case, bounds can be placed on the sterile neutrino mass and mixing angle from the observed photon energies and fluxes. Further observations are needed to confirm the presence of this line in additional dark matter dominated environments, such as dwarf spheroidal galaxies.
For oscillations between an electron neutrino and sterile neutrino, a large region of the sterile neutrino mass and mixing angle parameter space that is allowed by these observations leads to an enhancement of the explosion energy in core-collapse supernovae. The enhancement is due to increased neutrino heating in the gain region caused by increased neutrino luminosities of all neutrino and antineutrino flavors. The neutrino luminosities are enhanced due to a "double reheating" mechanism in the protoneutron star, where the surface of the protoneutron star is heated due to the oscillations between electron and sterile neutrinos, and in turn, the heating of the protoneutron star increases the luminosities of all neutrino and antineutrino flavors.
